This paper analyses the economics of pooling small UK based local electricity prosumers with back-up access to the National Grid and compares it to the current conventional UK electricity supply model-business as usual (BAU) approach. This is contextualized against the UK energy market framework, prosumer research and changing energy market dynamics. For the economic assessment a three-tiered production/supply and consumption model is developed based on site specific levelized cost of electricity (LCOE) and other cost parameter to operate the model. Modeling results indicated the economic feasibility and advantage of a prosumer approach in a significant number of modeling scenarios. Additionally, a break-even analysis for the two approaches was undertaken to understand the sensitivity of individual input parameters.
Introduction
With the emergence of distributed energy resources (DER), the relevance of so-called "prosumers"-entities/households that are producer and consumer of energy in one-increases [1] [2] . There are different aspects in the context of energy markets and prosumers, which are researched, and which impact each other e.g. the definition of prosumer models and how they fit into the energy market; a highly regulated market framework and how it integrates new market entrants; how new technologies and their characteristics are adapted to; and the economic aspects of energy prosumers. The aim of the research is to provide a P. Kästel, B. Gilroy-Scott demand and providing a benign investment environment. Tveten et al. [30] assessed the merit order effect of PV in peak demand periods in the German electricity market and demonstrated that high PV penetration levels are not only crowding out fossil fuel based electricity but also resulted in reduced electricity prices, reduced price peaks and reduced price volatility [30] .
Prosumers are a relatively new concept in energy markets but have been present in a wide range of other markets for a long time [31] [32] [33] . The common part is that prosumers (partly) produce and consume a product/service at the same time. At which stage and to what extend that happens can be quite different. Bremdal [34] identified value chains and value networks in which a prosumer will take on a specific role. In a value chain (inspired by the definition of Porter [35] ) the consumer is engaged at the end of a production process and only finishes the product. In a value network (based on the theories of Stabell & Fjeldstad [36] ) the process is much more interactive and the network itself is the market and its participants may produce for and consume from the network in real-time. See Figure 2 for four prosumer business model types developed by Bremdal [34] . A decisive differentiator between those concepts is management and control of the product design and production process, with the value network representing the part of the spectrum with lesser centralized functions. [34] . Prosumer models have become more prominent and explicit with the emergence of the internet as enabling technology and its far reaching and interactive features [32] [37].
Most energy markets have not lent themselves to prosumer models so far.
That is mainly due to the centralized nature and structure along the value chain and the economics of scale in conventional electricity generation. Nonetheless, increasing competitiveness of DER and the development in Information and Figure 2 . Archetypes of prosumer business models. Value Chain (VC) and Value Network (VN) models with different degrees of prosumer involvement and control over products. Specifically in the VN models, digital infrastructure providers who enable prosumer activity via information networks are a common feature [34] . [39] . The motivation for consumers to become prosumers in the energy sector broadly mirrors that of other markets, yet, the context of increasing energy prices and the drive towards green energy play prominent roles. The role of the prosumer is not only understood as purely producing and consuming energy but because of the generally non-storable nature of electricity, they are also active market participants [2] [33] [38] [39] . This stems from the fact that prosumers might supply to or demand electricity from the grid at random and this makes them exposed to electricity market prices and dynamics. This is where smart grid technology as a management and control tool is positioned. In the context of the German Energiewende ("Energy Transition") the German government initiated in 2008, a 4-year long field research program called "E-Energy" with six subprojects focusing on DER, DSM and prosumer models.
The main objective has been to show how optimization and use of ICT can help to achieve an economical solution, energy security and environmental compatibility [45] . The research showed significant saving potentials through increased transparency [22] ; confirmed the technical feasibility of integrated prosumer models [46] [47] [48] ; argued that the co-ordination of the regulatory framework, infrastructure adaption and consumer involvement is essential to succeed [49] ; that tariff incentives can trigger load shifts [40] 
Methodology
The methodology is designed to analyze the economics of pooling small local electricity prosumers in an actual or virtual micro-grid environment with backup access to the National Grid ("Prosumer-Model" or "Prosumer-Approach").
The Prosumer-Model results are compared to the established electricity supply model or business as usual approach ("BAU-Model" or "BAU-Approach" Figure 3 shows the schematic methodology approach taken. Input data of the Model are based on simulation results described in an earlier paper of the Authors which describes the site selection process, the LCOE and self-consumption level calculation [1] .
See Table 1 for the analyzed UK sites.
The Prosumer-Approach is based on three-tiered hierarchical production/ consumption model to balance electricity demand at any point in time:
• level-1, the prosumers consume their own production;
• level-2, they share/provide excess production to or draw/consume additional demand from a member-energy-pool; and • in level-3, they feed into or take electricity from the National Grid.
See Figure 4 for a graphic representation. At each hierarchy level cost and income parameters are assigned resulting in the overall cost for the consumed electricity. . Graphic representation of the Prosumer-Model. Self-produced electricity is first directly consumed at household level, than shared at local prosumer pool level and as last resort the National Grid is used to balance any remaining excess supply/demand [1] .
The Prosumer-Model is based on the assumptions that, firstly, it assesses the economics of a single prosumer only and secondly, that each prosumer produces exactly as much electricity as they consume in one calculation period, being one year. This results in a zero-sum balance over the three hierarchy levels.
The BAU-Approach calculates the annual electricity cost by multiplying the consumed energy with a price per kWh as it is the standard approach in today's market. In order to make it comparable with the assumed project life of the Prosumer-Approach an annual price inflation factor is introduced. H n _Consumption = hierarchy n electricity consumption in kWh LCOE = applicable LCOE in £/kWh H n _Net_Charge = applicable hierarchy n network charge in £/kWh H n _Admin = applicable hierarchy n administration charge in £/kWh PC = applicable production credit in £/kWh n = hierarchy level Equation (4): Hierarchy 1 and 2 electricity cost At hierarchy-3 the prosumer has to pay an electricity provider for the provided back-up electricity to balance the system, which is on top of the LCOE. In addition to the production credit they are also credited with the electricity sellback price for the electricity which is sold to the grid. See "Equation (5)". The Model allows for various input parameters, which are mainly load and cost related. Load related parameters were:
• "Annual Production" in kWh, which equals the "Annual Consumption";
• "Hierarchy 1 and 2 Consumption %", which also determines "Hierarchy 3
Consumption %" (equals: 100%-"Hierarchy 1 Consumption %"-"Hierarchy 2 Consumption %"); • "Hierarchy Consumption kWh" at each level as a function of "Annual Consumption" multiplied with "Hierarchy Consumption %" at the respective level; and • "Sales into Grid" representing excess supply, which cannot be consumed at prosumer pool level and is equal to "Hierarchy 3 Consumption kWh".
Cost/income related inputs included:
• An "Inflation Assumption", which is used to adjust "Production Credits", "Network Charges", "Administration Charges" "Back-up Price Electricity" and "Grid Electricity Prices" over the modeled "Project Life".
• The "Cost-of-Capital" is set at the level of cost-of-capital used in the LCOE calculation and is the basis for the discount factors 1 used to present value the annual economic advantage/disadvantage over the project life.
• "LCOE" without FiT adjustments.
• "Network and Administration Charges", which reflect the potential cost to transport electricity from point of production to point of consumption, e.g. cost for distribution network operator (DNO) line utilization, and to manage and administer the scheme.
• The "Back-up Price Grid Electricity" is the price for grid electricity, which is used at hierarchy-3.
• The "Grid Price Electricity" represents the BAU-Approach energy price.
• The "Production Credits" and "Sellback Price to Grid" can be set to reflect current UK FiT parameters.
The unit of all cost/income parameters is £/kWh apart from the inflation and the cost-of-capital parameters, which are denominated in %.
For each site and technology, a set of simulation results was generated. The following Model input parameters were fixed:
• Annual Production and Consumption = 3902 kWh;
• Inflation = 2.5%,
• Project Life = 20 years;
• Hierarchy-1 Administration and Network charges = 0;
• Hierarchy-2 Administration and Network charges = 3 p/kWh;
• Back-up Price Grid Electricity = 15 p/kWh;
• Sellback Price to Grid = 4.64 p/kWh;
• Grid Price Electricity = 15 p/kWh;
• Production Credit PV = 13. Cost-of-capital, Hierarchy-1 Consumption %, Hierarchy-2 Consumption % and Production Credits were varied. See Figure 5 for details. The Model calculations based on the above variables resulted in 44,550 and 49,500 simulation results for each wind and PV site respectively, i.e. a total of 546,300 data sets.
Results
This chapter presents an overview of the Model assumptions, summary results, site-specific results and the sensitivity analysis based on LCOE break-even calculation.
Overview of Model Summary Results
The term P/L (profit/loss) will be used interchangeably for the "Advantage/Disadvantage vs. Grid" results, whilst a positive P/L indicates an advantage for the Prosumer-Approach (hence a disadvantage for the BAU-Approach). An overview of the summary results can be found in Tables 2-4 . Table 2 and Table 3 show for each site and technology the minimum and maximum "Advantage/Disadvantage vs. Grid" Model results. These results have been normalized for 1000 kWh/yr consumption.
The lowest PV P/Ls coincided with highest LCOE, which had the following parameter settings:
• lowest modeled irradiation value,
• maximum capital multiplier,
• 20 years panel life,
• West orientation,
• cost-of-capital of 10%,
• hierarchy-1 consumption of 30% and
• hierarchy-2 consumption of 10%.
The highest PV P/Ls coincided with lowest LCOE, which had the following parameter settings:
• highest modeled irradiation value,
• minimum capital multiplier, Figure 5 . Simulated Model parameters. • 25 years panel life,
• South orientation,
• cost-of-capital of 0%,
• hierarchy-1 consumption of 70% and
• hierarchy-2 consumption of 20%.
For wind the same P/L pattern results were observable and the same and parameter settings were used apart from lowest/highest wind speed and 15/25 yrs turbine life. Table 4 shows the general sensitivity of the P/L to changes of the input parameters. Generally, the lower the LCOE was, the higher was the "Advantage/ Disadvantage vs. Grid". The same was true for cost-of-capital, back-up electricity price and network and administration charges. The higher inflation, hierarchy 1 and 2 consumption, sellback price to the grid and grid electricity prices was the higher was the P/L. Although the LCOE is the most important parameter its impact can be overwritten by changes to any of the other parameter or their cumulative effects. However, for the same LCOE different P/L results were plausible and recorded. All sites showed the same patterns for the various parameter combinations although the sites with the best natural resources would have the lowest LCOE and hence the highest recorded P/L and vice versa for the sites with the highest LCOE. See Table 2 and Table 3 . Wind showed more homogenous results on a relative basis and lower LCOE also indicate a stabilizing effect on the P/L indicator. The following differences between best and worst site for the lowest and highest LCOE were recorded (discounted lifetime P/L per 1000 kWh/yr consumption):
• lowest LCOE Wind: TR14 £8102.44 vs KT2 £7892.44, difference £210.00.
• lowest LCOE PV: TR14 £5074.61 vs CA2 £4465.61, difference £609.00.
• highest LCOE Wind: TR14 £1587.52 vs KT2 £852.44, difference £735.14.
• highest LCOE PV: TR14 £−1503.00 vs IV1 £−2783.00, difference £1280.00.
Site Specific Model Results
For all six sites, load class type and technology, a further analysis step based on anchor RE cover ratios was undertaken. These were derived from the was calculated whilst different P/Ls for one and the same LCOE were quite common. The used anchor RE cover ratios were rounded to the nearest 10% and the following combinations were used. For wind and load class-1 (domestic) and class-3 (commercial) the hierarchy-1 consumption was set at 50% and hierarchy-2 consumption was set at 10%. (Apart from site TR14 were 50% and 20%
respectively was used since simulation indicated a higher achievable hierarchy-2 consumption). For all PV sites and load class-1 a hierarchy-1 consumption of 30% and hierarchy-2 consumption of 10% was analyzed and for load class-3 it was 40% and 10% respectively. Around 5,000 data points for each scenario were filtered and graphed against P/L, LCOE and cost-of-capital. See Figure 6 and 
Site Specific wind Model Results
Every scenario showed positive P/L for all sites. The sites with the best wind resource also had the tightest LCOE and P/L range. See Table 5 . The sample graph of Figure 6 also demonstrates how cost-of-capital influences the LCOE and P/L. observed, although the average P/L values shifted upwards with higher hierarchy-1 and -2 consumption values.
Site Specific PV Model Results
The PV sites recorded a wide range of positive to negative P/Ls. A better solar resource also coincided with a tighter LCOE and P/L range. The P/L swing between wind and PV was similar, although the LCOE for PV were significantly
higher. See Table 6 . The sample graph of Figure 7 for load class-1 (hierarchy-1 30% and hierarchy-2 10%) show a similar sliding corridor pattern and dynamics as for wind, which was also observable PV/load class-3 scenarios (hierarchy-1 Table 6 . PV site-specific lowest/highest average "Advantage/Disadvantage vs Grid". Hierarchy-1 consumption was set at 30% and 40% for load class-1 (domestic) and class-3 (non-domestic) respectively and hierarchy-2 consumption was set at 10%. Sites are ordered by increasing average solar irradiation levels (IV1 lowest and TR14 highest). 40% and hierarchy-2 10% setting). Still, the P/L turns negative at a break-even point. These points are presented in Table 7 . The break-even points were reached at similar levels for the different sites, however, not necessarily at the same cost-of-capital highlighting the impact of other input parameters.
LCOE Break-Even Calculation
In order to assess the impact of single parameters on the economic viability of projects, LCOE break-even calculations have been performed and the results are shown below. The LCOE break-even represents the point where the Prosumer-Approach and BAU-Approach are considered economically neutral and where the discounted project-lifetime P/L is zero. The higher the LCOE break even the higher is the chance that the RE installation is economical and competitive against conventional electricity. The following default settings have been used to perform the analysis:
• Annual Production and Annual Consumption = 1000 kWh
• Hierarchy 1 Consumption: 40%
• Hierarchy 2 Consumption: 10%
• Inflation: 2.5%
• Cost-of-capital: 5%
• Project Life: 20 years Based on these input parameters and a zero project-lifetime P/L a LCOE break-even of 0.282 £/kWh was calculated. This value will be used as benchmark to assess further simulation results.
LCOE Break-Even Analysis-Hierarchy 1 & 2 Consumption
Hierarchy-1 consumption % has been modified in 10% steps from 30% -70% and hierarchy-2 consumption % has been modified in 5% steps from 0% -20%.
Summary results can be found in Table 8 and Figure 8 .
The LCOE break-even difference between lowest and highest simulated consumption percentage was ca. 0.05 £/kWh and ca. 0.01 £/kWh for hierarchy-1 consumption % and hierarchy-2 consumption % respectively. The higher the hierarchy-1 and -2 consumption % inputs were the higher was the LCOE break-even. In comparison to the LCOE benchmark the best consumption scenario moved the LCOE break-even by around 18% up whilst in the worst scenario the LCOE break-even was only 7.5% lower.
LCOE Break-Even Analysis-Inflation and Cost-of-Capital
Inflation has been varied in 1% steps from 0% -4% and cost-of-capital has been varied in 1% steps from 0% -10%. Summary results can be found in Table 9 The inflation impact on the LCOE break-even was up to 0.12 £/kWh at 0% cost-of-capital. At higher cost-of-capital that effect is less pronounced. The
Cost-of-capital impact over the simulated range was a maximum of 0.04 £/kWh (assuming same inflation) representing a modest relative increase from lowest and highest recorded LCOE break-even of around 13%. Compared to the benchmark LCOE the simulated break-even value varied in a ca. +/-20% corridor.
LCOE Break-Even Analysis-Network and Administration Charges
Network and administration charges at hierarchy-1 and -2 have been simulated as pairs in 0.02 £/kWh steps from 0.00 to 0.08£/kWh for each charge. Summary results can be found in Table 10 and Figure 10 .
Any network and administration charge pair in isolation impacts on the LCOE break-even by 0.02 £/kWh and 0.08 £/kWh for hierarchy-2 and hierarchy-1 charges respectively. If both pairs are stressed to the maximum simulated value than the difference is 0.10 £/kWh, which then represents a percentage Figure 9 . LCOE break-even analysis-inflation and cost-of-capital results graph. Figure 10 . LCOE break-even analysis-network and administration results graph.
difference of over 50% compared to the lowest LCOE break-even. Versus the benchmark point the break-even values change by plus ca. 3% for zero charges and ca. −33% for very high charges of 8p for network and administration each at both hierarchy levels. Table 11 and Figure   11 .
LCOE Break-Even Analysis-Back-up Electricity Price, Grid Sellback Price and Grid Electricity Price
Back-up electricity prices stressed in isolation had an impact on the LCOE break-even range of ca. 0.13 £/kWh with a higher back-up electricity price causing the LCOE break-even to go down. Sellback to grid price variations had the reverse impact on the LCOE break-even price level with a 0.20 £/kWh change impacting the LCOE break-even by around 0.10 £/kWh. Higher grid electricity prices caused up to 0.25 £/kWh higher LCOE break-even prices. However, calculated combinations where grid electricity price is higher than the back-up electricity price can be considered unlikely and are hence shaded in the table.
LCOE Break-Even Analysis-Production Credit and Grid Electricity
Price The production credits and grid electricity prices have been modeled in 0.05 £/kWh steps in ranges from 0.00 to 0.15 £/kWh and 0.15 to 0.35 £/kWh respectively. In the analysis the back-up electricity price was also always at the same level as the grid electricity price. Summary results are presented in Table 12 and to 50%. The analysis shows that higher grid price have a strong impact on LCOE break-even and can be a catalyst for lower production credits. Figure 11 . LCOE break-even analysis-back-up price, grid sellback price and grid electricity price results graph. Figure 12 . LCOE break-even analysis-production credit and grid electricity price results graph.
Discussion of Model Results
The Model results suggest that a Prosumer-Approach can have its economic merits and offer benefits to single consumers and communities. All analyzed sites The LCOE is a major input factor into the Model and it is dependent on various assumptions. The LCOE of PV and wind is characterized by little expected volatility, which protects prosumers from rising energy prices but also excludes them from the benefits of falling prices. However, in the BAU-Approach the grid electricity price is the dominant factor when considering energy consumption as relatively stable.
The LCOE break-even analysis was designed to isolate Model inputs, vary Grid electricity prices had a significant impact on the Model results. That can be explained by the fact that it is an essential part of the BAU-Approach calculation and that it is inflation-linked, i.e. these costs can only be stable or go up in the Model settings. A change of the grid electricity price is also likely to correlate positively with back-up electricity prices and sellback to grid prices.
Production credit has been the next biggest effect on the LCOE break-even.
The modeled production credit level has been relatively substantial, almost the same as the simulated back-up electricity price, and both were inflation-linked.
This means that over time an increasingly positive effect on the Prosumer-Approach calculation results is observable in high inflation scenarios.
However, when considering modeled RE LCOE levels and assuming continuing trends for lower RE equipment prices and higher electricity prices then even scenarios with no production credits are economically plausible and attractive.
The back-up electricity prices impact is less pronounced since the used back-up electricity is a function of the hierarchy-3 demand to balance any remaining electricity need. The impact can actively be reduced with increasing hierarchy-1 & 2 consumption levels. Back-up electricity had been modeled infla- The impact of inflation is based on its links to the various input parameters and the compounding effects. In the BAU-Approach increasing inflation always has an increasing effect on P/L. However, in the Prosumer-Approach inflation affects different variables that partially offset each other.
Cost-of-capital had very little impact in the Model simulation itself, because it was only used to discount the difference between BAU-Approach and Prosumer-Approach. Still, it should be noted that the cost-of-capital is one of the most important factors in the LCOE calculation feeding into the model [1] .
Network and administration charges on their own have limited influence on Model results. Nonetheless, it is probably realistic to assume they could move in parallel for both hierarchy levels, hence they start becoming more meaningful, e.g. for wind. The hierarchy-1 & 2 consumption parameters seemed to have relatively little impact at current electricity price levels.
All Model assumptions are static, e.g. they assume constant energy supply and demand over time, or follow a trend, e.g. a constant inflation number. Although static assumptions were useful for the modeling process they are not realistic. In real life scenarios prosumer needs and behavior might change, inflation of various costs will not be uniform and natural resources will fluctuate. Moreover, technical problems or advances could influence the supply level of electricity.
The hierarchal structure and mix of technologies and installations in the pool should be able to smooth some of these effects. However, on an individual level fluctuations of these factors would imply P/L swings and therefore compromise the simulation results.
Conclusions
Overall it can be concluded that a Prosumer-Approach could offer significant economic opportunities to the UK. Based on the current conditions such an energy model could bring economic advantages to consumers, yet by doing so it would necessitate/cause changes to market structures over time. The UK electricity market is shaped by a highly concentrated market structure. Its infrastructure is based on a centralized energy generation and a bias towards a top-down electricity distribution system. A prosumer system is by design decen- Correlations of individual parameters have not been considered separately and it would be feasible to extend future analysis to incorporate this. Specifically cost-of-capital and inflation; the relationship between the electricity price parameters, equipment cost (as factor of the LCOE calculation) and production credits; as well as hierarchy-1 consumption and grid electricity prices in the context of grid parity and DSM could provide further interesting results.
The presented P/L results focused on the project lifetime advantage/disadvantage of the simulated scenarios. Yet, it has been quite a common observation that projects were having a negative P/L in the early years, with positive P/L in the later years compensating for this. This delayed harvesting of benefits of an investment could be seen as a negative point in a decision making process, since it increases the dependency on the underlying assumptions and hence the uncertainty of the expected results. A prosumer system, as proposed by this research, might help balancing out some of these aspects by increasing transparency, influencing demand behavior and boosting community acceptance of electricity infrastructure investments. Economically it might be an opportunity to mobilize private investment into the energy infrastructure, stabilize energy prices and thus stimulate the economy across the UK over the years. Technologically the design and management of the supporting grid infrastructure is very important and the mix of RE technologies might even help to improve system stability and economics even if it seems disadvantageous for the individual. Regulatory decisions will influence all aspects of the electricity market and without their consideration a widespread implementation of a prosumer system is very unlikely.
